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INTRODUCTION
Glaucoma is a multifactorial disease characterized by progressive optic neuropathy with loss of visual field. Historically, elevated intraocular pressure (IOP) is regarded as the primary cause of glaucomatous optic nerve damage; however, there is now evidence that other factors are involved in the pathogenesis of glaucoma, such as changes in blood flow, perfusion, and oxygen delivery (1) . There is compelling accumulated evidence supporting the theory that decreased ocular blood flow contributes to glaucomatous optic neuropathy (1, 2) . In a model of optic nerve injury, it was demonstrated that alterations of perfusion and oxygen delivery to the retinal ganglion cells may significantly contribute to vision loss (3) . Therefore, detailed hemodynamic evaluation of the orbital circulation is needed to better understand this complex disorder. The hemodynamics of orbital blood vessels can be quantified by color Doppler imaging (CDI), which allows estimations of velocity and resistance to blood flow in unanesthetized subjects. This method has been widely used to study these blood flow parameters in retrobulbar blood vessels in humans and animals (4) (5) (6) (7) (8) . The Doppler waveform represents changes in the velocity of the blood flow during the cardiac cycle, and deflections in the late systolic [peak systolic velocity (PSV)] or early diastolic flow [end diastolic velocity (EDV)] are characteristic of high resistance arterial blood flow waveforms (6, 9) . The resistive index (RI), also known as the Pourcelot ratio, is calculated from the blood flow velocities. This index, expressed by the formula [(PSV -EDV) / PSV], indicates the downstream resistance in arteries (ranging from 0 to 1, where 0 is no resistance and 1 is the maximum resistance) (9) . CDI research has shown that through increased RI, retrobulbar blood flow is reduced in patients with glaucoma and that there may be a predictive value for the progression of the disease (10, 11) . A high RI value correlates with an increase in vascular resistance, leading to decreased perfusion, which may in turn contribute to glaucomatous optic neuropathy (2, 5, 7, 9, 12, 13) . Prostaglandin analogs (PGAs) are IOP-lowering agents commonly prescribed in glaucoma treatment. PGAs act primarily by enhancing uveoscleral outflow of aqueous humor; however, PGAs also appear to act on the trabecular meshwork to facilitate aqueous humor outflow through the conventional outflow pathway (14) . The majority of topical treatments for elevated IOP contain a preservative, the most common of which is benzalkonium chloride (BAK), a quaternary ammonium salt. Chronic exposure to BAK has been associated with symptoms of ocular discomfort attributed to BAK-induced instability of the tear film, reduced density of superficial epithelial cells, disruption of corneal epithelial barrier function, and conjunctival inflammation (15, 16) . These undesirable effects may be reversible in glaucoma patients who are switched to BAK-free medications (15) . BAK is absorbed and accumulates in ocular structures involved in glaucoma pathogenesis, but the potential effects of preservatives in the vasculature of the eye are unknown (17) . Considering the growing evidence supporting a vascular pathogenesis for glaucoma, a decrease in blood flow could potentially accelerate disease development. Therefore, in addition to their IOPlo wering capabilities, these medications may be detrimental or beneficial to ocular hemodynamics. The purpose of this investigation was to examine the potential effects of topical solutions of PGAs with and without preservatives on the blood flow of the ophthalmic artery (OA) in clinically healthy rabbits.
METHODS

AnimAls
The investigation was carried out using 55 clinically healthy, sixmonth-old New Zealand white rabbits (Oryctolagus cuniculus), with 32 females and 23 males weighing 2.2 kg to 3.0 kg. The animals were selected randomly from a commercial breeder. All procedures using live rabbits were conducted in accordance with the Federal University of Parana's Animal Use Committee (Curitiba city, Paraná state, Brazil) and with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
The rabbits were housed under a 12:12 hour light: dark cycle for one week prior to and for the duration of the study. Food and water were given ad libitum, and the humidity (70%) and temperature (22.5°C) were controlled.
Physical examinations were performed before the ocular examinations to exclude animals with any indications of systemic disease. Rabbits with evidence of ocular or systemic diseases were excluded from this research. To avoid inter-investigator discrepancies, the same masked investigator performed the CDI, and another investigator, who was not masked, instilled the eye drops.
TreATmenTs
The rabbits received a number from one to 55 and were then divided into six groups using the randomized function in Microsoft Office Excel (Microsoft Office 2007 for Windows). The left eyes were treated daily for four weeks with one drop of topical PGA eye drops applied to the conjunctival fornix. The ophthalmic drugs and numbers of females and males are listed in table 1.
Color Doppler imAging
CDI was performed before and after the treatment with eye drops using an ultrasound system (MyLab 30; Esaote, Genova, Italy) equipped with a 12-MHz linear ultrasound transducer. The animals were not anesthetized, and the eye and orbit were imaged with the animal in sternal recumbency. All CDI examinations were performed by the same two people, one of whom restrained the rabbit, while the other performed the imaging. Ultrasound gel was applied to the dorsal region and to the zygomatic arch, and the transducer was gently positioned with minimal pressure in the horizontal plane after instillation of one drop of topical anesthesia (tetracaine ophthalmic drops, Anestalcon®, Alcon). The long axis of the transducer was held horizontally between the lateral and medial canthus with the marker pointing nasally ( Figure 1A) .
We used the muscular cone and power Doppler mode to determine the relative position of the OA. After the detection of the blood flow by the power Doppler, the spectral Doppler sampling volume was placed in the center of the imaged vessel. The OA is readily identifiable by its characteristic dicrotic notch in the Doppler waveform associated with the closure of the aortic valve (5) . The ultrasound beam and the OA were parallel, and the sample volume was set at 1 mm inside the vessel ( Figure 1B) . The mean values of PSV and EDV from three pulse waveforms were calculated ( Figure 1B) , and the RI of the blood flow was calculated using the formula [(PSV -EDV) / PSV]. 
sTATisTiCAl AnAlysis
The Shapiro-Wilk normality test demonstrated that the data errors were normally distributed. The data were statistically analyzed using the computer software StatView (SAS Institute, Cary, NC, USA). ANOVA was used to compare the pre-treatment results to show that the groups were homogeneous. Paired t-tests were used to compare the potential differences between pre-and post-treatment results for each drug, and the Tukey-Kramer post hoc test was used to compare potential post-treatment differences among the drugs. P-values of <0.05 were considered to be statistically significant.
RESULTS
The means and standard deviations of the pre-and post-treatment values for RI, PSV, and EDV are presented in table 2. PSV and EDV are expressed in centimeters per second (cm/s), whereas RI has no units.
No significant differences were found in the pre-treatment PSV, EDV, and RI of the left eye of all the rabbits (P>0.05), showing that these parameters were homogeneous amongst the groups before treatment.
No significant differences were found between pre-and posttreat ment PSV or EDV in all the animal groups nor for the pre-and post-treatment RI in the rabbits that received bimatoprost BAK, travoprost POLYQUAD, or latanoprost BAK (P>0.05) ( Table 2 ). However, eyes that received tafluprost BAK-free and travoprost BAK exhibited a significant RI decrease after treatment (P=0.003 and P=0.005, respectively) ( Table 2 ). This decrease in RI was similar in magnitude for the two drugs because the post-treatment values in the eyes that received tafluprost BAK-free and travoprost BAK were not significantly different (P=0.6264).
DISCUSSION
In general, prostaglandins play an important role in the local regulation of blood flow, and both endogenous prostaglandins as well as PGAs can have potent vasodilator effects (18) . Previous experiments, both in human and animal models, have reported how PGAs may affect ocular blood flow. Depending on the drug or formulation used, PGAs have been reported to increase, decrease, or not affect ocular blood flow. However, the reports are conflicting, with opposing results in some cases (19, 20) . In the work presented here, both tafluprost BAK-free and travoprost BAK significantly reduced the RI of the OA in rabbits. This decrease in RI can be interpreted as a beneficial effect on ocular blood flow. In primates, chronic optic nerve ischemia has been shown to induce retinal ganglion cell loss independently of high IOP (3) . Consequently, this reduction of the RI of the OA could also be helpful in glaucoma treatment, by potentially preventing retinal ganglion cell Values are the mean ± standard deviation. PSV= peak systolic velocity; EDV= end diastolic velocity; RI= resistive index; BAK= benzalkonium chloride. *= P<0.05, paired t-test between pre-and post-treatment results.
PSV= peak systolic velocity; EDV= end diastolic velocity. 
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death. Although these two formulations decreased the RI to similar extents, other factors need to be considered when choosing which one to prescribe, such as which one is more effective for decreasing IOP and, in this specific case, whether the presence of a preserva tive is detrimental to each patient in question. The presence of pre servatives in topical antiglaucoma drug formulations is currently under scrutiny (21) . Chronic exposure to the preservative BAK has been associated with ocular discomfort, causing changes in the tear film, cornea (including the corneal epithelium), and conjunctiva (15, 16) . No effects on CDI parameters were found for topical bimatoprost BAK, travoprost POLYQUAD, or latanoprost BAK. Some research has also revealed no changes in the blood flow in the OA in humans and rabbits in response to PGAs, although some PGAs show good results in other vascular beds, such as on the optic nerve head and in the central retinal artery (20, (22) (23) (24) . Nevertheless, our research showed that the results with travoprost are controversial. Interestingly, formulation of this drug with two different preservatives showed disparate results, and more studies are needed to confirm the effect of this drug on RI. Other research groups have shown that travoprost is effective for improving blood flow, as found in the present study with travoprost BAK (25) (26) (27) . Further, in the present research, travoprost with BAK as a preservative significantly decreased RI, while travoprost with POLYQUAD did not; therefore, the preservative BAK may have some effect in this instance. Little is known about the long-term effects of different preservatives concerning their penetration and distribution in the eye, but it is recognized that BAK is itself absorbed and accumulates in ocular surface structures as well as in deeper structures involved in glaucoma (17) . Interestingly, our findings suggest that the combination of PGA with BAK decreases RI, ultimately improving ocular blood flow. Despite this RI alteration observed in the travoprost with BAK group, no significant decreases in RI were found in the other groups receiving drugs preserved with BAK or groups receiving only BAK. It is possible that BAK specifically and synergistically enhances the effect of travoprost by an as-yet-unknown mechanism. Nevertheless, some investigators have argued that eye drops formulated with preservatives other than BAK or with no preservatives demonstrate little or no ocular toxicity, and may always be preferred (28) . Few studies have evaluated the effect of tafluprost on ocular circulation. In the present study, a significant decrease was found in the RI of the OA of rabbits, and similar results have also been found in the optic nerve and retinal circulation in rabbits, cats, and humans (27, 29, 30) . In the present study, both eyes were analyzed, but the eye drops were instilled in only one of the eyes. The main advantage of using the fellow eye as a control is that the experimental eye and the control eye are both in the same animal, therefore allowing direct comparison, balancing out any variations of the treatment and control groups.
A limitation of our study is that no glaucomatous eyes were evaluated. Healthy eyes, without increased IOP, may facilitate changes in Doppler parameters. Thus, we suggest that further studies be carried out in rabbits with induced glaucoma to assess whether the changes would be similar to those found in the present study.
Our study reveals the effect of different PGAs used to treat glaucoma on OA blood flow in healthy New Zealand white rabbits. Further studies on human patients and patients with glaucoma (humans and animals) are necessary to establish the effects of each treatment and to assess whether improvement of retrobulbar blood flow enhance the prevention of the progression of this disease.
